An a 150-bp GC-rich (a 60Z) region is at the right end of rat long interspersed repeated DNA (LINE or LIRn) family members (1). We report here that one of the DNA strands from this region contains several non-palindromic sites that strongly arrest DNA synthesis iji vitro by the prokaryotic Klenow and T4 DNA polymerases, the eukaryotic a polymerase, and AMV reverse transcriptase. The strongest arrest sites are G-rich (a 701) homopurine stretches of 18 or more residues. Shorter homopurine stretches (12 residuea or fewer) did not arrest DNA synthesis even if the stretch contains 11/12 G residues. Arrest of the prokaryotic polymerases was not affected by their respective single strand binding proteins or polymerase accessory proteins. The region of duplex DNA which contains DNA synthesis arrest sites reacts with bromoacetaldehyde when present in negatively supercoiled molecules. By contrast, homopurine stretches that do not arrest DNA synthesis do not react with bromoacetaldehyde. The presence of bromoacetaldehyde-reactive bases in a G-rich homopurine-containing duplex under torsional stress is thought to be caused by base stacking in the homopurine strand (2). Therefore, we suggest that base-stacked regions of the template arrest DNA synthesis.
INTRODUCTION
Although the function of LINE DNA is not known, these sequences were either unusually susceptible to, or capable of (or both) amplification and transposition. Furthermore, amplification and dispersal of LINE DNA must have recurred often during mammalian evolution to account for the presence of the related but clearly distinct LINE families in even relatively closely related genera such as Rattus (rats) and Mus (mice) (1, 18).
Recent evidence suggests that the rat LINE family has been amplified quite recently: First, in contrast to the heterogeneous families in mice and primates, the rat LINE family is very homogeneous (1) . Second, the presence or absence of LINE members is the cause of allelic variation of at least three single copy loci in R^_ norvegicus (19) (20) (21) . This result suggests that LINE transposition may still be active in the rat population.
The mechanism of LINE amplification and transposition is unknown.
Although it is possible that this occurred by recurring integration of DNA copies (retrotranscripts) of LINE RNA into the genome (8, 10, 16-18, 22, 23) , rat LINE members lack several important hallmarks of retroposons and, in addition, contain a structural feature that suggests another mechanism (1).
We previously showed that the -150-bp GC-rich region that is the right end of rat LINE members contains sequences that strongly arrest DNA synthesis by the Klenow polymerase [(1) and our unpublished observations]. Only this region of the LINE contains these sequences, and since this region does not contain palindromes, we assumed (1) that arrest was caused by a type II DNA synthesis arrest site (24) . In contrast to the palindromic type I sites (24) , type II sites do not form any obvious physical barrier (e.g., hairpins or stems) to DNA synthesis iji vitro. Therefore, the mechanism whereby these sites arrest DNA synthesis is unknown. Furthermore, type II sites, but not type I sites, are recognized ±rx_ vivo (24) (25) (26) and therefore are biologically relevant structures. For example, they could be involved in the amplification and excision of genomic DNA sequences by a mechanism which involves the generation of a multi-stranded "onion skin" replicative intermediate (27) (28) (29) .
For these reasons we analyzed in detail the arrest of DNA synthesis by the righthand LINE GC-rich region. We found that arrest is caused by several type II DNA arrest sites that strongly arrest DNA synthesis by both eukaryotlc and prokaryotlc polymerases. These sites consist of G-rich (s 70X) homopurine stretches, and by making deleted and base-substituted versions of the right GC region we found that arrest is sensitive to the base composition of the site and is limited to homopurine stretches that are long enough to form stable base-stacked structures. The implication of these findings for the interaction of DNA polymerase with template and the possible effect that these homopurine stretches might have on the amplification and recombination of LINE sequences is discussed.
MATERIALS AND METHODS

Enzymes
The following ensymes and proteins were purchased from commercial sources:
calf thymus a DNA polymerase, Cooper Biomedical; AMV reverse transcriptase, mM dithlothreitol. After boiling, the reaction was slowly cooled to room temperature.
DNA Synthesis
In all cases the reactions were carried out in a volume of 25 One unit is that amount of enzyme that catalyzes the incorporation of 1 nmol of dNMP into acid-precipitable product in 15 minutes at 37°C using DNAse I-activated DNA as template primer. Although the supplier stated the activity to be 0.11 U/ul, our assay showed it to contain 0.14 U/yl. We used the supplier's value for calculating the units added. The reaction products were analyzed on DNA sequencing gels. Prior to gel electrophoresis, each sample was treated as follows: After adjustment to 50 mM Na EDTA and 0.2Z sodium dodecyl sarcosinate, they were incubated with 100 ug/ml proteinase K. They were then adjusted to 0. Fourth, when the template, VD3b, which contains only the weak arrest site III, was used, two other pause sites increased in prominence (a and b^, cf.
lanes 15AB and VD3b, Fig. 3A; Fig. 2 ). However, all three are quite weak as judged by the considerable amounts of high molecular weight chains synthesized from this template. With all of the templates used, little or no arrest was seen at any of the G-rich sequences that are 5' to the just mentioned weak sites, III, £ and b_. This includes the deca G stretch present in templates CV1 and VD3b (see Fig. 2 ). The lack of arrest by this stretch was verified when it alone, preceded by gag, was used as a template (clone VD2d). Predominantly high molecular weight products were synthesized from this template (lane VD2d, Fig. 3A ).
We also tested the a polymerase on templates CV1, VD3b, and VD2b (results not shown). Although it paused at sites that did not significantly affect the Klenow polymerase, the strength of the Klenow polymerase arrest sites in these templates was generally the same for the two polymerases as was shown with template 15f (Fig. 3B) . Furthermore, the altered pattern of stopping at the CV1 site was also seen with the a polymerase. DNA Sequence Requirements to Arrest DNA Polymeraae As mentioned above, G richness per ae is not sufficient to cause DNA arrest.
However, inspection of Fig. 2 shows that a G-rich, purine stretch of at least 18 residues is common to the two sites (I, II) that strongly arrest all three DNA polymerases. Furthermore, arrest is weakened but not eliminated by the disruption of a purine stretch by pyrimidines (e.g., site III). These conclusions are summarized in Fig. 5 , which shows the sequences of the salient purine-rich stretches in Fig. 2 as well as another that we tested and one which we have taken from the results of Weaver and DePamphilis (24) . Fig. 5 also shows the G content and a rough estimate of the strength of each arrest site.
Our findings that DNA synthesis is arrested at or near the beginning of an 18-nucleotide G-rich homopurine stretch but not one that is 12 nucleotides long suggested that these stretches have different conformations. Others (2, 40, 41) have proposed that G-rich homopurine stretches that are about 15 bases or longer, but not ones that are about 10 bases long, form stable base-stacked structures. These are thought to deform duplex DNA to produce a region of what has been call heteronomous DNA (42) . The evidence for this is that when present in negatively supercoiled molecules, the longer homopurine stretches, but not the shorter ones, are sensitive to the single strand-specific SI nuclease (41, (43) (44) (45) . Although some unpairing of the duplex in the basestacked region may account for the SI sensitivity (2, 40, 46) , other perturbations of duplex DNA are also sensitive to SI nuclease (41, 47) . Heteronomous DNA apparently is not induced by the mildly acidic condition of the SI nuclease assay, since it has been detected with a variety of agents from pH 4.6 to pH 9 (2, 40, 41, 44, 46) . The Rsab9C2 sequence was taken from Weaver and DePamphilis (24) . We designate it a moderately strong arrest site (+) because like site III (template VD3b) the Klenow polymerase can progress through this site In the presence of the dideoxy sequencing mixtures (24) . The strength of an arrest site can also be estimated by visual comparison of the relative amounts of high molecular weight and arrested DNA chains (see Fig. 3 ). DNA synthesis on templates containing any of these sites proceeds from right to left.
If base stacking in the template strand is related to the arrest of DNA synthesis, then one might expect that those homopurine stretches which arrest DNA synthesis should deform duplex DNA when present in negatively supercoiled molecules, whereas those that do not arrest DNA synthesis should not. To carry out these experiments, we cloned the LINE DNA In templates 15AB, VD3b, and VD2d between the EcoRI and Aval sites of plasmid pUC19 (48) . Attempts to clone the LINE sequences from clone 5AB into pUC19 or several other plasmid vectors produced various complicated rearrangements that included partial duplication of the vectors and deletions of part of the LINE DNA. These results are related in part to both the sequence of the insert and the size of the vector. Although the 5AB Insert can be propagated in Ml3, the yield of phage containing the 5AB insert is considerably less than normal. This is also true of the 15AB-containing pUC19 clone (results not shown).
The structure of the pUC19 clones of 15AB, VD3b, and VD2d are shown in Fig. 3A) . The T4 DNA polymerase also was arrested near the beginning of the arrest sites. However, the T4 polymerase progressed two nucleotides further than the Klenow polymerase into sites II' and III before significant chain termination occurred (Fig. A) . These results indicate that the interactions of the two polymerases
with the yet to be copied template differ, presumably reflecting a difference between their DNA binding sites. The fact that the arrest of both polymerases is unaffected by their respective DNA binding accessory proteins (Fig. 4) indicates that the region of the template responsible for the arrest is either not accessible to the accessory proteins (perhaps because it is in the DNA binding cleft of the polymerase) or that its conformation is not affected by them.
Two of the results discussed in the preceding paragraph also essentially rule out intermolecular aggregation of template molecules as a cause of DNA arrest. Polyriboguanylic acid aggregates to form a four-stranded structure 
